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INTRODUCTION 


Currant Intarasts In the Modal Ing of gaodynoMlcs phanoMona Includa crustal MOvoMonts 
over a nldo range of distances. At the long end, MeasureMonts are desired batwaan tac> 
tonic plates over Intercontinental distances of up to about 10,000 kM. On the other end 
of the range scale, Maaj.roMants are desired nlthln a few hundred kllOMeters of those 
fault boundaries at which earthquakes are considered Most likely to occur. For the 
latter scale of Monitoring, proposals have been Made for space techniques bearing the 
acronyMS CLOGEOS (Mueller, et al.» 1975; SMlthsonlan Astrophysical Observatory, 1977), 
SPEAR (Vonbun at al,^., 1977), SGRS (SMith and Tapley, 1979), and siMply Spaceborne Ranging 
SysteM (SMith, 1978; Kahn, ^ al^., 1979). The basic concept Includes a laser systeM 
capable of accurate pointing carried on either a space shuttle or a free flying space- 
craft, and Making ranging measureMents to ground based retro-reflectors deployed In some 
array over an area for which coistal moveMents are desired to be monitored over a period 
of years. It Is required that the array extend Into regions for which no motion Is to 
be expected, since only relative distances between reflectors are monitored. Studies 
suggest that some eight to ten spaceborne flights over a retro-field are potentially 
capable of estimating baseline distances up to several hundred kilometers, with accu- 
racies at the 1-2 cm level (Kahn et ^1. . 1979; Pavlls, 1979; Kirniar and Mueller, 1978; 
Smith, 1978). The frequency with which the set of passes would need to be repeated 
depends, of course, on the expected level of tectonic activity, but repeats at Intervals 
of at least six to twelve months would be required for any relatively active region. 


Although the specehome laser nay be expensive to build. It Is presently well within 
the state-of-the-art to build an Instmaaent with the required 1-2 cm ranging accuracy, 
and to supply It with a sufficiently accurate pointing systew. Ass'jalng the laser ranger 
to be accurately calibrated, the Major error source reealnlng has been found to be 
gnopotentlal nodal errors (Kahn et jH. , 1979). The continued tevelopnent of new gravity 
models suggests that the geopotentlal problen nay not be severe for a spacebome laser 
launch In the nid to late 1980‘s. However, It Is not presently clear whether the 
meteorological problems can be solved without the utilisation of a two color laser. 

Due to the lack of experience with a spacebome User tracking a ground network of 
retro- reflectors, and availability of an airborne scan.il g laser on the NASA Wallops C-54 
aircraft, an experiment was performed at Wallops Flight Center In May 1979 to attempt to 
Identify some of the problems likely to be encountered by a spacebome laser. Although 
the dimensions of the retro-reflector array utilized for the aircraft tests were much 
smaller than those contemplated for tracking from space, the ratio of reflector separa- 
tion to aircraft altitude was roughly comparable to those frequently proposed for a 
spacecraft monitoring reflectors separated by 50 km from an altitude of 1000 km. Thus, 
range measurement sensitivity to baseline errors should be similar for both the aircraft 
and spacebome situations. Of course, dynamic modeling of aircraft and spacecraft motions 
are drastically different, so optimum schemes for tracking the retro-reflectors will also 
be different. 

In addition to Its application for studying potential problems associated with 
spacebome laser ranging, laser ranging from aircraft Is now of some Interest In Its own 
right. Reasons for this Include: 

(1) The aircraft system and operation Is potentially less expensive. 

(2) An aircraft system could be developed and baseline monitoring Initiated prior 
to the launch of a spacebome system, thus making available several years of 
crustal movement data before beginning the long term monitoring by a spacebome 
system. 

(3) Monitoring of relatively small areas (~ 100 km) Is of particular interest 
(Kaula, 1978) at the current stage In the understanding of crustal motion. 

(4) Some simulations have Indicated (Kumar, 1976; Kumar and Mueller, 1978) that 
aircraft ranging Is very valuable In strengthening baseline determinations 
based on spacebome laser ranging. 

In this paper, we will discuss first the laser system, the types of measurements It 
Is capable of making and the type of experiment planned for the spacebome laser slnula- 
tlon. Next, we consider some simulation results for baseline estimation using an air- 
borne scanning laser system. Finally, we discuss the results from flight tests and 
their Implications for future spacebome or aircraft laser tracking. 
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INSTRUMENTATION AND EXPERIMENT DESCRIPTION 


Th« 1«$tr ustd for tht flight Uses wis tht Airborne Oceenogriphic Lidsr (AOL), « 
conicilly scanning pulsed laser systeai designed primarily to perform field demonstration 
and technology transfer experiments In the areas of airborne bathymetry and laser induced 
fluorescence. An outline drawing of the AOL Installed In the Wallops C-54 aircraft used 
for the experiment Is shown In Figure 1. In both the bathymetry and fluorosensing modes, 
the Instnmient operation Includes precision ranging and this was the basic measurement 
used for the retro-reflector tests discussed In this paper. However, operation was In 
the nominal "bathymetry" mode, so that the backscattered return pulse waveform was re- 
corded for post-flight analysis. The laser was operated at 400 pps, scanning at a 5 Hz 

rate, thus providing pulses per scan. The off-nadir scan angle was set at 15", 
the maximum available for the AOL. The laser was operated In the UV (337.1 nm) with a 
nominal beam width of 20 mr, and transmitted pulse width of 9 ns. 

Based on these parameters and referring to Figure 2 we see that for any height H, 
the scan radius (for a circular scan) Is H tan a. For 80 pulses per scan, the distance 
between the center of adjacent Illuminated areas Is then approximately 2 «H tan a/80 
or 0.021 H for a 15" scan angle. On the other hand, for a circular cross-section laser 
beam pattern of 20 mr angular divergence, the laser terrestrial pulse pattern will be an 
ellipse with minor diameter equal to (H/cos a)(0«020) ■ 0.021H. Thus, the footprint 
pattern for an Individual scan can be closely approximated by a set of 80 touching cir- 
cles around the scan, as shown In Figure 3, Independent of aircraft altitude. The actual 

AOL footprint pattern Is somewhat more complex (AVCO, 1975), but the above qualitative 
conclusion Is still valid. 

Next, we consider the aircraft motion between scans. We would also like to have the 
footprints from adjacent scans to at least touch. Thus, If we set the distance moved 
between scans equal to footprint diameter, we obtain 

V/5.06 scans/sec < 0.021H, 

with V the aircraft speed. Substituting a nominal speed of 76 m/sec for the Wallops C-54 
aircraft, we obtain 


H > 715 m . 

For this altitude, the dimensions of the retro-reflector field then depend upon the 
number of rows which It Is desired to cover. However, because of the difficulty 1n 
navigating an aircraft exactly down the middle of the array. It Is desirable to have rows 
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Figure 3. Laser footprints for an AOL scan from 750 m altitude showing near 
total coverage of 400 m swath along flight path. Off nadir angle 
of 15° and beam divergence of 20 mr assumed. Relative footprint 
spacing is independent of altitude. 


positioned slightly within the nominal scan pattern. The scan pattern has a diameter of 
2H tan a« or 383 m for the 715 m altitude. If a flight pass Is to cover the entire 
retro field, then we are led to a retro field width of 300-350 m, allowing for expected 
aircraft errors In following a planned flight pass. Figure 4 shows a retro field based 
on these dimensions which was used as a base field for performing error analyses. 


ESTIMATION ALGOR ITIM 


In some schemes which have been pri^Msed and Investigated for baseline estimation 
using laser ranging from aircraft (Kumar, 1976; Kumar and Mueller, 1978), multiple ranges 
(> 4) are considered to be made at each time point at which data Is taken. Aircraft 
position can thus be estimated simultaneously with the reflector positions and no aircraft 
dynamics are necessary. In practice, particularly with centimeter level results desired, 
simultaneous ranging to multiple reflectors cannot be achieved. Simultaneously trans- 
mitted pulses will not be received simultaneously and aircraft motion between pulse 
return times can approach the centimeter level for an aircraft flying at 10,000 m. For 
the scanning AOL flying along an array of three rows of retros such as Is shown In Figure 
3, there will be a maximum of four hits within one scan. Thus, for the C-54, there will 
be a maximum of four reflector hits for an aircraft movement of 15 m, and some modeling 
of aircraft motion during this time Is required. 

The model adopted Is basically that which has been Implemented In the KAPPA program 
(Aldrich, 1970) which Is presently used for estimating aircraft and rocket trajectories 
from radar tracking data at NASA Wallops Flight Center. The state and measurement models 
are taken to be 


*n ■ *n ^n-1 Rn Cl) 

•"n ■ ^n ^n ®n cn (2) 

where 

Xn Is the aircraft state at time tn 

On Is the state transition matrix transforming the state from time t^.i to time tp 
Qn Is the "state* noise at time tp 
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ny, Is th« flMiSurMtnt (rtsiduil) at tiM tn 

An ■ Is tha partial of tha naasuraaiant at time tp with raspact to tha air- 

»*« craft stata at tlM tn 

k Is tha vactor of statim position statas which ara to ba astlnatad whanavar all 
data Is aval labia 

Bn ■ Is tha partial of tha measuranant at time tn with raspact to the sta- 

tion position sat 

cn Is the maasuramant noise at time tn • 

To complete the model, wa make tha assumptions that tha stata and maasuramant noise are 
zero mean and uncorralatad In time or with each other: 

E(q„) ■ E(c„) ■ 0 (3) 

E(q„.;) • 0 

The total state Includes the aircraft position and velocity and the coordinates of the 
retro-reflectors, with non-zero state noise considered only for aircraft position and 
velocity. Due to the high measurement frequency, and the assumption of aircraft flight 
paths with low dynamics (i.e., near straight line), the state transition model Includes 
only constant velocity motion between measuramants. Radar tracking of the aircraft 
(range, azimuth, and elevation) and laser ranging to tha retro- reflectors constitute the 
measurement set. In addition, each aircraft pass has a starting vector with associated 
state covariance. In general, a priori Information will be used for each retro-reflector, 
with the objective being to at least constrain the orientation of the retro ai*ray. 

The desired solution for the station coordinates k Is tha one with minimum variance, 
allowing for tha uncertainties In tha aircraft trajectory modal and the measur«aent 


C6) 

( 7 ) 


quautv 


8 



PAGi»i IS 

OF POOR QUALITY 

trrors. A Kalnafl flUtr solution for tht abovt aquations could ba davalopad, with 
Incramantal adjustmants to tha station coordinatas Mda with tha addition of aach naw 
Masuramant. Howavar, sinca only simII adjustiaants to station coordinatas ara axpactad 
In gaodynMic applications, wa considar an 1i^>1«iiantat1on of an aquivalant MlnlMtMi varl- 
anca astliMtIon In which tha solution Is partitlonad as suggastad by Equation (2) Into 
aircraft statas and station position statas. In this procadura tha aircraft stata Is 
saquantlally astlmatad with fixad raflactor positions, but tha norsial a .atlons ara 
slnwltanaously accuawlatad so that adjustnants can latar ba coaqMitad, basad on tha con- 
blnad maasuraiiiants frost any nMbar of passas. Excapt for tha Incluslwt of aircraft 
dynasties, this Is tha sasta partitioning procadura ona would axpact to usa for stultlpla 
(> 4) slstuUanaous aircraft ranga staasurastants to ratro-reflactors. If thera ara a 
total of N aircraft passes, tha coisbinad adjuststant for tha station positions Is 



whara V|(o Is tha variance covariance matrix of the a priori coordinates. Assuming there 
to ba N maasuramants for tha n'th pass." An and hp ara dafinad by 



with tha quantities In braces defined by the recursion relations 
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AJW, BJ . 




* *1 '^l-l { ^i-1 *1-1 *i 1 


a \ 


- aJ w, ♦ (q, ♦ v^., J-' 

i '^i-1 1^1-1 ’^i-l "i-l } 


( 11 ) 


( 12 ) 


These recursion reletlons ire Initialized by 


A^ W B 
^0 0 *0 


A^ W M 

*^0 o 0 


Is also obtained via e recursion relation 


r'l • * ^*1 ^i-i ♦! * Qij 


(13) 


(14) 


(15) 


with Vq the a priori covariance matrix of the aircraft state. Since the N 1 state for 
a pass Is not defined, we must have 


Vi J 


'N 


(16) 


Finally, for computations In which does not always exist, we make the substitution 
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Tht Invtrit of tht ttitt transition natrlx always txists. 

SIMULATION RESULTS 


|v;‘* ‘I.i «;li *1.1 1' 
— > ♦;Ji <»i«x W 


Groundtracks for tight passts across a flold of 30 rttro-rtfl actors art shown In 
Figurt 4, along with tht rtfitctor 1ocat1<ms. Stvtral difftrtnt altitudts art assuntd, 
as Indicattd In Tabit I which also shows tht nuaibtr of rtfitctor hits for tach pass. All 
passts paralltl to tht rows of rtfitctors wtrt at an altltu^ of 750 «, allowing tht 
footprint patttm to Inttrstct all rows tven with tht aircraft consldtrably off tht ctnttr 
of tht array fitid. Tht passts across tht rows wtrt all at hightr altitudts In ordtr to 
Incrtast tha probability of obtaining hits frot all thrtt rows on a singit scan. 

Sinct tht planntd ttsts at Wallops Includtd radar tracking of tht aircraft, tht 
slaulattd data Includtd radar rangt. aziMith. and titvatlon Infonsatlon with accuracits 
approxlnattly tquivaltnt to obstrvtd nolst Itvtls at a 10 pps data rata. To rtduct 
cotputtr tiM rtgulroMtnts for tht slwlatlons. tht radar data ratt was dtcrtastd by a 
factor of fivt. with nolst Itvtls rtductd by /T. Tabit II sunwarlzts tht data and 
accuracits slaulatad. 

In addition to bting a function of tht assmwd data and Its accuracy, tht slnulattd 
rtfitctor position accuracits art also dtptndtnt on tht aircraft statt nolst. For the 
simulations ptrformtd. tht assumtd statt nolst covarlanct was 


<*n-% 


0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 



0 

0 

0 

0 



0 

0 

0 

0 

0 



11 


TABLE I. SIMULATED REFLECTOR HITS BY AIRCRAFT LASER 
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TABLE II. DATA ACCURACIES ASSUMED FOR SIMULATIONS OF 
REFLECTOR POSITION ESTIMATIONS 







with Vqx ■ Vqy > Vq 2 • 1 «/$«c. This cholct has tht affect, as It «ust for tha scanning 
■ode of raflactor tracking, of providing som dynanic constraints ba t waan laser MMSura- 
■ants whila allowing for tha Inability to ada<piata1y Mdal tha aircraft notion for a 
conplata pass across tha raflactor field. As In all such applications of a sequential 
filter, howavar. tha choice of nuaerlcal values for Qn Is largely enplrlcwl, and tha 
above choice aada nay not be coaplataly optlnal. 

Figures 5-7 suMHrlsa sane of tha slaulatlon results for baseline accuracy, with the 
four comer reflectors constrained with standard <tev1at1on (one signs) of 1 cn In each 
coordinate. Figure 5 shows the signas for the baselines relative to one of the con- 
strained reflectors, and the signas for baselines relative to the other constrained 
reflectors are sinllar In nagnitude and behavior. The signas lie generally within a 
band between 20 and 30 cn and. In sone cases, slightly decrease with Increasing baseline 
distance. The anonalous behavior at the shorter baseline Is reasonable on the basis of 
the scanning geonetry and the associated characteristic of adjacent (In tine) hits of 
reflectors on the sane row. 

Figure 6 shows baseline signas between unconstrained reflectors with nost of the 
nunbers between 30 and 40 cn. The baselines between the first and third rows are less 
well detemlned than those between the other rows for a given baseline distance, for 

reasons that are not laaedlately obvious. However, the nIdJIe row of reflectors Is. In 

general, better detemlned than the outer two rows, as will be nore clearly denonstrated 
by the height accuracies discussed below. 

Figure 7 shows the baseline signas for the total set of baselines within the second 
row. no reflectors of which are constrained. Here, the signas are around 30 cn. and the 

lowest signas are for the shorter baselines. This characteristic nust be due to the use 

of relatively low aircraft state noise, since a high percentage of the passes are along 
the rows and only dynanics can provide strength between adjwcent reflectors within a row. 

Finally. Figure 8 shows the signas for the reflector heights relative to the plane 
detemlned by constrained reflectors on the comers of tNi array. The signas are 5-6 cn 
for the row one and row three, and about 4 cn for row two. 

It will be noted that the height signas are nuch smaller than the baseline signas, 
which can be attributed to the scan geonetry as shown In Figure 2. With the 15** scan 
angle, the ranging measurements are nuch nore sensitive to height than to horizontal 
positioning. For example, the laser range from the aircraft to reflector 1 can be written 

R ■ ♦ (y^ - y^)2 ♦ 

where (x^. y^. z^) are the aircraft coordinates and (x^. y^. z^) are tl» reflector 
coordinates. Then 
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- -(y, - yi)/R 
llj ■ -d, - «i)/R 

For simplicity choosinp a point for which ■ y^, than from Figuro 2, 


2R 


»R 

It. 


sinp 

cosp 


Tha ratio of thasa sansitivltlas 


Is than 

2R /« 


cotp 


For ^ - 15*. this ratio Is 3.7. From Figwra 5, wa find an avaraga sigma for basallnas 
relativa to a constralnad raflactor of about 25 cm, and from Figura 8 wa hava an avaraga 
height sigma of about 5 cm. The height sigma is thus greater than tha baseline sigma by 
about a factor of five. In order of magnitude quite close to 3.7. It follows from tha 
above range parti als that equivalent height and baseline sigmas would be expected for an 
off-nadir scan angle of 45*. For the same number of measurements given In Table 1 and 
the same measurement accuracy given In Table II, the sigmas In Figures 5-7 would be 
reduced by a factor of sin 45*/s1n 15* ■ 1.4. It should also be noted, however, that 
with the 45* scan angle, the aircraft altitude should be reduced by a factor of tan 45*/ 
tan IS* > 3.7. Alternatively, the dimensions for the array field, and the abscissa scale 
In Figures 5-7 could be Increased by the same factor. 


17 


EXPERIMENTAL RESULTS 


A strlts of flights over a rot ro-rof1 actor flald, slullar to that dascribtd above. 
Mas perfomied at Wallops Flight Center, Wallops Island, Virginia, on Nay 1, 1979. 
Reflectors Mere deployed In three roMS along one of the Wallops aircraft runMays, as 
shoMn In Figure 9. The area and retro configuration Mere chosen because of the existence 
of a number of surveyed markers along the runMay, and the convenience of the area for 
missions utilizing Wallops Flight Center aircraft. 

The retro array shOMn In Figure 9 Mas optimum for an aircraft pass at approximately 
7S0 m altitude, based on the scan pattern discussion above and the desire for the scan 
pattern diameter to slightly exceed the Midth of the array. Flights Mere also floMn at 
several higher altitudes In order to determine the variations Mith altitude of ground 
return signals as Mell as return signals from the retros. Tmo types of reflectors Mere 
Included; (1) open-faced 25 mm nominal diameter reflectors Mith 1 mr beam divergence, 
elevated approximately 1 m above ground level, and (2) solid quartz 50 mm diameter retro 
reflectors Mith 0.1 mr beam divergence. The latter reflectors Mere at ground level. 

Each pass of the aircraft across the retro field Mas tracked by an FPS-16 C-Band 
radar located near the runMay along Mhich the retros Mere deployed. The aircraft trajec- 
tory determined from this radar tracking, along Mith the AOL scan azimuth and aircraft 
orientation (pitch, roll, heading as measured by the aircraft LTN-51 Inertial Navigation 
System), Mere sufficient to position the laser footprint Mith an accuracy of 10-20 m. 
Return pulses of large amplitude and having a footprint center Mithin 20 m of a retro 
Mere thus readily Identifiable as being due to, or at least Including, a retro return. 

For the elevated reflectors, confirmation of retro hits Is also possible on the basis of 
the shorter measured ranges. 

Table III suamarlzes the total number of Identified retro hits across the 32 reflec- 
tor array, Mith typically 6-10 hits per pass. This Is a much smaller number than that 
obtained In the simulations sunmarized In Table I, and has been attributed to a highly 
elliptical laser cross-sectional beam pattern. The measured N2 laser beam pattern has 
an eccentricity of approximately 0.9, Mith the major axis of the ellipse rotated ~15° 
counter clockMise from the aircraft Ming axis. Simulations accounting for the elliptical 
beam pattern have confirmed that the number of hits obtained Is consistent Mith the 
reflectors expected to be Included In footprints. 

Although the two types of retros used differ substantially In area, return beam 
divergence and cost, there Mere no discernible differences in the return pulse amplitude 
or shape that could be reasonably attributed to retro type. There Mere, hoMever, 
significant variations In return pulse amplitude that could be attributed to the retro 
being In the center of the laser beam. 
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Figure 9. Aircraft flight lines along Wallops runway for retro-reflector tests. 



TABLE III. NUMBER OF GROUND REFLECTOR HITS BY AIRCRAFT BORNE 
LASER ON HAY 1, 1979 MISSION AT NASA MALLOPS 
FLIGHT CENTER. 
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Figurt 10 straws ttra iircraft path for ont of ttra passos, and l^tlflos ttra ratros 
conclusivoly hit during tho pass, basod on rotum pulso anplltudo. Tht figurt also shows 
a location frow which a largo a«p11tu(te roturn was obta1nod» but which doflnltoly did not 
Includt any of tho rotros* This problo* suggtstod that tht Inttnslty of rotum pulsts bo 
txamlntd In tht runway arta to dotonnlnt strongly rofloctlng rtglons that could caust 
difficultits In Idontlfylng truo rofltctor hits. Tht contour In Figurt 11 » basod on the 
Intonsltlos of tho 400/stc rotum pulsts from pass 3C/S on Nay 1, shows not only tht 
high Intonsltlos obtaintd from tht rofloctors, but also tho high Intonsltlos obtaintd 
from tho concrtto portions of tho aircraft runway Itsolf. In this figurt tho sizes of 
tho rotro-rofloctors apptar soarawhat tnlargtd duo to the particular ttchnlquo used for 
enhanconrant of tho contourod projoctlon. 


CONCLUSIONS 


Tht simulation rosults have shown that a set of ranging moasuroments from an air- 
craft to an array of reflectors, such as would be obtained from a scanning pattern, can 
provide strong recovery of both bastlints and relative reflector heights. Extensive 
further analysis Is. however, needed to determine the optimum parameters for both posi- 
tioning the reflectors and In processing the data collected. 

The experimental results demonstrated laser ranging measurements from an aircraft to 
ground based reflectors, with recorded hits consistent with that expected on the basis of 
the nradrar of reflectors covered by laser footprints. However. It Is noted that "normal" 
ground returns can. for certain types of terrain, be as strong as reflector returns. 

Thus, future tests and operational systems must be able to discriminate against grmind 
returns, on the basis of range gating, pulse shape, or some other scheme. Such discrimi- 
nation Is simplified If the geographical region In which the retros are deployed contains 
only terrain with low, monotonous reflectivities. Unfortunately, fault boundary regions 
do not always possess such characteristics. 

An additional spin-off result of this project Is displayed In Figure 11. The Infor- 
mation contained therein shows promise for the utilization of an airborne laser system In 
other remote sensing data collection activities, such as land use. 


21 


TERRAIN MAPPfMO Ph2 Mi 7 PbM 3C/S 








ORIQINAL PAGE IS 
OF POOR QUALITY 



24 



REFERENCES 


1. SMith, David E,» "Spactborna Ran 9 lng SystaRt" Froctadlngt of tho 9th 6E0F Cooftrtfico, 
An Intomatlonal SyRpotIuia on tho Applications of fieodoty to 6aodynaRlci« Oct. 2*5, 
1978* Dipt, of fioodotlc Sclonco Roport No. 280, Tho Ohio Stato Univorsity, Coluobut, 
Ohio, pp. 59>6I. 

2. Kaula, W. N., "fioodynMlc ProbloM,* Procoodings of tho 9th 6E0P Conforonco, An 
Intomatlonal Symposluii on tho Applications of 6oodosy to 6oo<ynoii1cs, Octobor 2-5, 
1978. Oopt* of Goodotic Sclonco Roport No. 280, Tho Ohio Stato Univorsity, Coluobvs, 
Ohio, pp. 34S-351. 

3. Kunar, N., and I. I. Nuolltr, "Dotoctlon of Crustal Notion Using Spacobomo Lasor 
Ranging Systom,” Bull. Good. 52. pp. 11S-130, 1978. 

4. Kahn, U. D., F. 0. Vonbun, D. E. Smith, T. S. Englar, and B. P. Gibbs, "Porfomanco 
Analysis of tho Spacobomo Laser Ranging SystoR," NASA TM 80330, Octobor 1979* 

5. Kumar, N. , "Nonitoring of Crustal Novomants In tho San Androas Fault Zone by a 
Sato111to>Bomo Ranging Systom,* Oopt. of Goodotic Sclonco Roport No. 243, Tho Ohio 
Stato University, Coliaobus, Ohio, August 1976. 

6. Smith, 0. E., and 8. 0. Taploy, *Tho Roport from tho Uorkshop on Tho Spacobomo 
Goodynamlcs Ranging Systom," lASON TR 79>2 Institute for Advanced Study In Orbital 
Nochanics, Tho University of Texas at Austin, Texas, March 1979. 

7. Vonbun, F. 0., N. 0. Kahn, P. 0. Argontloro, and 0. W. Koch, "Spacobono Earth Appll* 
cations Ranging Systom (SPEAR),* Jr« Spacecraft and Rockets 14 . pp. 492-49S, 1977. 

S. Martin C. F., "Partitioned Solution for a Sequential Estimator Using Multiple Data 
Sots," EG8G Mashington Analytical Services Center Roport No. PSO 006-79, prepared 
for NASA Wallops Flight Center under Contract No. NAS6-2823, August 28, 1979. 

9. Pavlls, E. C., "Error Analysis for a Spacobomo Laser Ranging System," Copt, of 
Geodetic Science Report No. 290, The Ohio State University, Columbus, Ohio, 

December 1979. 

10. Aldrich, 6. T., "Final Technical Roport for Kalman Program for Positioning Aircraft 
(KAPPA)," Wolf Research and Development Corporation R^rt PSD 004-71, prepared for 
NASA Wallops Flight Center under Contract No. NAS6-1942. October 1971. 

11. AVCO 'verott Research Laboratory, Airborne Oceanographic Lidar System. Final Report . 
NASA Contractor Report CR-1 41407, Contract NAS6-26S3, Octobor 1976. 

12. Martin T. V.. w. F. Eddy, A. Brenner, 8. J. Rosen, and J. McCarthy. "6E00YN System 
Description," 2* F686 Washington Analytical Services Center, Riverdale, ND, Feb. 

1980. 

13. Smithsonian Astr<H>hys1ca1 Observatory Staff, "Study of a Close-Grid Goodynamic 
Measurement Systom,” SAO Reports In Gooastronomy No. 5, 1977. 


25 


